SUMMARY The effects of coronary artery reperfusion at 1 and 3 hours after coronary artery occlusion were examined on myocardial infarct size and survival in conscious dogs. Left circumflex coronary artery occlusion was induced by inflating an hydraulic occluder and confirmed thereafter by measuring the absence of coronary blood flow. Of the 77 dogs that underwent coronary artery occlusion, 18 died within 1 hour. Of the 59 remaining dogs, permanent coronary artery occlusion was carried out in 31 dogs, 12 underwent reperfusion after 1 hour and 16 underwent reperfusion after 3 hours. Survival at 1 week was enhanced significantly (p < 0.01) by reperfusion carried out at either 1 or 3 hours; only 29% of dogs with permanent coronary artery occlusion survived, whereas 83% and 75% of dogs survived 1 week with reperfusion at 1 hour and 3 hours, respectively. Average infarct size at 1 week was smaller in dogs with reperfusion (NS). The inability to reach statistical significance was most likely the result of two factors: (1) There was a marked variation in infarct size in dogs with permanent coronary artery occlusion infarcts averaged 21.3 ± 7.5% and ranged from 0.7-72.6% of the left ventricle. (2) Dogs that died 1-7 days after coronary artery occlusion had significantly (p < 0.05) larger infarcts (40 ± 4% of left ventricle) than those that survived 1 week in any of the three groups. Thus, if all dogs had survived 1 week, a beneficial effect on infarct size could have been demonstrated. Nevertheless, coronary artery reperfusion at either 1 or 3 hours after coronary artery occlusion induces a striking beneficial effect on survival, which is of the utmost clinical significance.
CORONARY ARTERY REPERFUSION in the form of coronary artery bypass has become one of the most important therapeutic interventions in medical practice. This procedure is most frequently carried out in patients with chronic coronary artery disease, but is also used in patients with acute myocardial ischemia and infarction." 2 The physiologic basis for the value of this intervention is controversial, particularly in the acute phase of myocardial infarction. The results from experimental studies in anesthetized animal models have conflicted, showing either considerable improve-ment3 6 or adverse effects. 7 9 Little has been done in conscious animal models, although anesthesia exerts profound effects on cardiovascular control. However, Bresnahan et al.,'0 in a study of conscious dogs, noted that infarct size was frequently exacerbated by reperfusion. A recent study from our laboratory in conscious dogs indicated that coronary artery reperfusion did not modify the extent of myocardial infarction significantly." In both of these studies, infarct size was assessed only 1 day after coronary artery occlusion and reperfusion. The nearly uniform presence of hemorrhagic infarction in dogs sacrificed 24 hours after coronary artery reperfusion could have complicated the assessment of infarct size. Moreover, the time period was too brief to permit evaluation of the effects of coronary reperfusion on survival.
The goal of the present investigation was to determine if coronary artery reperfusion at either 1 or 3 hours after coronary artery occlusion exerted beneficial effects in the conscious animal if the animals were sacrificed 1 week after occlusion. In this manner, the longer-term salutary effects of the intervention could be assessed in the absence of acute complicating factors, e.g., hemorrhagic infarction, which is known to occur after coronary artery reperfusion in conscious dogs.'0 11 Two criteria were used to determine the beneficial effects of coronary artery reperfusion: (1) reduction in myocardial infarct size and (2) increase in survival at 1 week after coronary artery occlusion and reperfusion.
Methods
Seventy-seven mongrel dogs (20-35 kg) underwent left thoracotomy using general anesthesia with sodium pentobarbital, 30 mg/kg, and sterile surgical technique. Heparin-filled tygon catheters (Norton Co.) were implanted in the aorta, and a Doppler ultrasonic flow transducer and a hydraulic occluding cuff were placed around the left circumflex coronary artery 3-5 cm from the origin but proximal to the first marginal branch.
Arterial pressure was measured with a Statham P23Db strain-gauge manometer. Coronary blood flow was measured continuously over 24 hours with a Doppler ultrasonic flowmeter to confirm complete occlusion and reperfusion and to ensure that occlusion remained complete throughout the 24-hour period after occlusion. If partial release of the occlusion occurred, it was corrected immediately. Partial release occurred most frequently at 8-24 hours after occlusion. Mean values of arterial pressure and coronary blood flow were determined using electronic integrators. Arterial blood gases were measured with a Radiometer acid-base analyzer (PHM 71 Mk2) and blood microsystem (BHS Mks).
Experiments were conducted 3-6 weeks after operation. After recording baseline values of left circumflex coronary artery blood flow, arterial pressure, heart rate and arterial blood gases, the coronary artery was occluded. Coronary blood flow, arterial pressure and heart rate were recorded after occlusion, immediately after reperfusion and at 24 hours and 1 week after to the initial occlusion. It was predicted that mortality would be highest in dogs with permanent coronary artery occlusion. Accordingly, while dogs were randomly allocated to the three groups 1 hour after coronary occlusion, twice as many dogs were assigned to the permanent occlusion group in order to attempt to arrive at approximately equal numbers of surviving dogs in the three groups at the end of 1 week. No 'dogs were defibrillated or treated with drugs. After final recordings were made 1 week later, all surviving dogs were sacrificed with an overdose of sodium pentobarbital. The hearts were excised immediately and washed repeatedly in iced saline. The left and right ventricles were removed from atria, valvular apparatus, aorta, pulmonary artery and pericardial fat. The free wall of the right ventricle was dissected from the left ventricle and interventricular septum, weighed and immersed in homogenizing medium (25 ml/g of myocardium in 0.25 M sucrose, 0.001 M neutralized sodium EDTA and 1 mM mercaptoethanol). The left ventricle was sliced in 1-cm serial sections in a plane parallel to the atrioventricular groove, and the infarcted area, which was clearly cardium. The normal and infarcted tissues were weighed to determine gross infarct size (ISp). Thereafter, the ventricular myocardium was minced with scissors and homogenized with the above-described solution in a Waring blender. The solution was centrifuged initially at half speed, two 15-second bursts, then at 10,000 rpm for 10 minutes at 0°C and the supernatant fraction was removed and centrifuged at 16,000 rpm for 10 minutes.
In all dogs that survived 1 week, infarct size was determined by myocardial creatine kinase (CK) depletion (ISm),)2. 13 with permanent coronary artery occlusion than in either of the reperfusion groups.
Survival ( fig. 2) Before assignment in any group, i.e., before I-hour occlusion, 18 of the 77 dogs died suddenly. Arterial pressure was well maintained in these dogs, so we assumed that ventricular fibrillation was the cause of death. These dogs were excluded from further analysis. Of the 59 remaining dogs, 31 were assigned to the permanently occluded group, whereas 16 were assigned to the 3-hour reperfusion group and 12 were assigned to the 1-hour reperfusion group. There was a clear-cut difference in the survival of these remaining dogs. Eighty-three percent (10 of 12 dogs) survived in the 1-hour reperfusion group. Seventy-five percent (12 of 16 dogs) survived in the 3-hour reperfusion group. Only 29% (nine of 31 dogs) survived in the permanently occluded group. The survival in the permanently occluded group was significantly less (p < 0.01) than in either the I-hour or 3-hour reperfusion groups. Arrhythmias were often observed in the permanently occluded group, but occurred more frequently in dogs after reperfusion. Surprisingly, no dogs died immediately after reperfusion. The time of death for the 28 dogs that died 1-7 days after coronary artery occlusion is shown in figure 3 . 22 noted a significant difference in survival in dogs with permanent coronary artery occlusion as opposed to those in which coronary artery reperfusion was carried out. In the present investigation a significantly improved survival at 1 week was observed in conscious dogs reperfused at either 1 or 3 hours after left circumflex coronary artery occlusion as compared with dogs with permanent coronary occlusion. There are important differences in the present investigation compared with those of Reimer et al.2' and Mathur et al. 22 As noted previously, the study by Reimer et al.2' was conducted in anesthetized animals. However, Mathur et al.22 studied conscious dogs. The major difference between the latter study and ours was the lower mortality in the permanently occluded group of Mathur et al. 22 In our study, coronary blood flow in the occluded vessel was monitored for the entire 24-hour period after occlusion. As noted earlier, partial reperfusion occurred in some dogs, most characteristically between 8 and 24 hours after occlusion. If this also occurred in the study by Mathur et al.22 their permanently occluded control dogs could have actually been partially reperfused.
In the surviving dogs in this study, myocardial infarct size as determined by left ventricular CK depletion or by gross pathology tended to be diminished by reperfusion, but these effects were not statistically significant unless dogs with very small infarcts were excluded from analysis. This supports the position that the inability to reach statistical significance in the series was probably due to the large variability in infarct size in permanently occluded dogs. The large variability in infarct size contrasts strikingly with the data of Reimer et al.,2' who studied anesthetized animals and found remarkably consistent sizes of infarcts, i.e., 85 ± 2% of the posterior papillary muscle. It may be that anesthesia and the open chest reduces compensatory reflex mechanisms. Therefore, any occlusion of the left circumflex coronary artery in the anesthetized dogs will tend to induce a significant myocardial infarction, thereby eliminating dogs that show almost no infarction despite permanent coronary occlusion. In support of this hypothesis is that in anesthetized preparations, coronary artery occlusion invariably leads to a reduction in left ventricular systolic or arterial pressure,5 6, 21 whereas this is not generally observed in conscious animals. Thus, the reduction in arterial pressure could act to intensify the extent of infarction.
While the differences in infarct size between all the dogs with permanent coronary artery occlusion and all the dogs with coronary artery reperfusion were not statistically significant using analysis of variance as a test for significance, we cannot conclude that reperfusion does not have a beneficial effect on infarct size. The dogs that died had significantly larger infarctions, i.e., in seven dogs who died 1-7 days, infarct size was 40 ± 4% of the left ventricle. Therefore, if all dogs had survived, a beneficial effect on infarct size could have been demonstrated. This conclusion is based on the combined observations that infarct size was larger in dogs that died and that many more dogs died after permanent coronary artery occlusion than when coronary reperfusion was carried out. Thus, this study clearly shows that because infarct size and mortality are correlated, an intervention can express a beneficial effect either by reducing mortality or by reducing infarct size in the surviving dogs. In the case of a reduced mortality, as was observed in this study, the surviving population is skewed because the dogs with larger infarcts, which were more frequent in the control group, died and therefore were not included in the statistical analysis of infarct size. Studies in man have also shown that mortality is correlated with infarct size,23 further supporting the contention that infarct size would have been significantly greater in the permanently occluded group if all dogs had survived.
The large variability in infarct size was partially why we could not demonstrate a significant effect of coronary artery reperfusion on infarct size in this investigation. It might be assumed that those dogs in the permanently occluded group with small infarcts had little myocardium at risk. Excluding those dogs from analysis, as well as the dogs in the reperfusion groups with small infarcts (which in this case could have been due either to the beneficial effects of the intervention or to the possibility that little myocardium was at risk), significantly different infarct sizes were found among the three groups. This type of analysis does not bias the results in favor of demonstrating a beneficial effect from reperfusion because animals in which reperfusion reduced infarct size to less than 10% of the left ventricle were excluded. These data support the hypothesis that coronary artery reperfusion is beneficial in terms of infarct size and survival and that the inability to demonstrate statistical significance was due to those dogs that did not demonstrate substantial infarction despite prolonged coronary artery occlusion.
Occlusion of the left circumflex coronary artery for only 1 hour results in a significant amount of permanent myocardial damage. In our study, average infarct size was found to be 14% of the left ventricle in dogs that survived 1 week after coronary artery occlusion and reperfusion at 1 hour. It is particularly important in this instance to use the data for infarct size derived from the technique of myocardial CK depletion, because by using that technique, it is not important if islands of viable myocardium exist within an infarcted region. Thus, these data are consistent with those of Reimer et al.,21 who found a significant amount of necrosis in dogs in which reperfusion was carried out 40 minutes after coronary occlusion. The data from both studies point out the critical initial period between 20 minutes and 1 hour after coronary artery occlusion, where complete salvage of myocardial tissue is no longer possible by coronary artery reperfusion.
It has been well documented that acute coronary artery reperfusion is frequently associated with ventricular tachycardia and fibrillation.'8 24, 25 Therefore, it is surprising that no dogs died in this study immediately upon coronary artery reperfusion, although this period was frequently characterized by arrhythmias. Most studies demonstrating ventricular fibrillation upon release of coronary artery occlusion have used occlusions of 10-40 minutes duration and then rapid release of occlusion. It could be that coronary artery reperfusion at 1 or 3 hours after occlusion is not as deleterious in terms of inducing ventricular fibrillation as is reperfusion after 10-40 minutes of coronary occlusion. The rate of release of the occlusion could also have been less rapid in the present investigation.
Our results show that coronary artery reperfusion induces clear-cut beneficial effects on survival; clinically, this finding is of the utmost importance.
SUMMARY Very high energy electrical countershocks can cause morphologic damage to the myocardium. In this study we searched for functional correlates of these shock-induced morphologic changes. We used ultrasonic sonomicrometers to measure myocardial contractility and radiolabeled microspheres to assess perfusion. Acute and chronic experiments were conducted in 45 dogs, assessing the effect of both direct (epicardial) and transthoracic shocks on beating and fibrillating hearts. 
